2006). Actual wetland area restored is unknown but was greater than 76,300 ha because this figure also includes wetland lost to other land uses. Wetland restoration is expensive, and costs can vary considerably depending on land acquisition costs, the extent of alteration, the type of wetland, and the size of the site. In 2001, the USDA Wetland Reserve Program reported an average cost of wetland restoration of nearly $3000 ha -1 (USDA, 2002a) . A conservative estimate of spending on wetland restoration in the U.S. between 1998 and 2004 would then be nearly $230 million for a cumulative restoration area of 76,300 ha.
Soil modifications in wetland restoration involve contouring the surface to slow water runoff, while hydrologic modifications (e.g., ditch filling) raise the water table and lengthen periods of saturation. Vegetative modifications generally include targeting specific wetland plant communities and then planting species typical of those communities at the restoration site. Restoration projects are considered failures by environmental regulators when the restored plant communities either do not survive or are overtaken by plants creating different plant communities than those targeted for restoration. Return of wetland functions such as denitrification or carbon sequestration are not considered when assessing restoration success for regulatory purposes because they are difficult to assess quickly, whereas the survival of vegetation is obvious through on-site inspection. Restoration failures usually occur because the planted vegetation is not well adapted to the restored hydrology at a given location on the site (Dennison and Schmid, 1997) . To increase the probability that at least some vegetation survives, wetland designers frequently plant a variety of vegetation at a restoration site with a range of hydrologic requirements (Morgan and Roberts, 2003) . While this hit-or-miss practice is effective in some cases, it is inefficient, offers no guarantee of success, and delays restoration of the functions provided by the target wetland plant community. Designing wetlands where hydrology matches the target wetland community in terms of the average depth of the water table, frequency and duration of inundation, etc., would improve restoration efficiency by closely matching the hydrology to the needs of the target vegetation. However, quantitative data describing the hydrologic needs of most wetland plant communities are scarce in literature (Zedler, 2000) .
Pond pine woodland (PPW), nonriverine swamp forest (NRSF), high pocosin (HP), and bay forest (BF) are examples of wetland plant communities commonly found along the Atlantic Coastal Plain of North America (Schafale and Weakley, 1990) . Differences in dominant species, size, and density of the canopy and shrub layers distinguish one plant community from another (table 1) . Environmental factors believed to affect the establishment of these communities include the thickness of organic soil layers, fire frequency and intensity, plant-available phosphorus in the soil, hydrology, and disturbance history (Sharitz and Gibbons, 1982; Dimick et al., 2010) . While the relative contributions of these factors on plant community succession and establishment are codependent and difficult to distinguish and quantify (Richardson, 2003; Levin, 1992) , hydrology is considered a major influence on the relative contributions of the other factors (De Steven and Toner, 2004; Kirkman et al., 2000) . For example, inundation (when water is above the land surface) affects the survival and growth of wetland plant species and influences the spatial distributions of plant communities across the landscape (Megonigal and Day, 1992) . Inundation during wet years (e.g., 90th percentile hydroperiods) has been shown to influence species composition in forested riverine wetlands (Townsend, 2001) . Even if a particular site is rarely inundated, soil saturation can influence the vegetative community because some wetland plant species do not extend roots below the water table. Others that do will develop deeper root systems when growing in periodically flooded soils compared to continuously flooded conditions (Megonigal and Day, 1992; Schwintzer and Lancelle, 1983) . Deeper root systems may provide access to mineral soil layers of higher plant-available nutrient content that lie below the organic surface layers of lower plant-available nutrient content during drier periods, which may result in plant communities of larger stature, such as PPW and NRSF (Schafale and Weakley, 1990; Townsend, 2001; Otte, 1982) . Communities with larger trees (PPW and NRSF) may also receive an influx of groundwater carrying dissolved nutrients into these communities (Schafale and Weakley, 1990; Otte, 1982) .
Most of the hydrologic requirements for wetland plant communities described in the literature use semi-quantitative terms such as "seasonally or frequently flooded or ponded to the surface" to characterize hydrology (Schafale and Weakley, 1990) because long-term studies were not conducted. More quantitative data would enable wetlands to be designed to match the hydrologic requirements of natural plant communities. The few studies that have attempted to quantify the hydrology of wetland plant communities did so over a short period of time (e.g., less than three years), taking little account of year-to-year variability in weather patterns that strongly affect long-term hydrology and vegetative growth in a wetland ecosystem. For example, Johnson et al. (2011) collected water table depths at several wetland sites in eastern North Carolina over a seven-month period to examine [a] Source: Schafale and Weakley (1990) . [b] Source: Otte (1982) and Hall and Penfound (1939) . [c] Source: Dimick et al. (2010) . [d] Thickness of surface organic soil layer (Dimick et al., 2010). whether hydrology may explain the presence of three wetland plant community types, including NRSF. The ideal study would evaluate plant community hydrology based on long-term (e.g., 40 years or more) field observations of undisturbed sites, but these data for any given location are scarce because compiling them requires a significant time investment.
In the absence of long-term observational studies, computer models that are calibrated for a specific site can provide quantitative long-term data describing wetland plant community hydrology with acceptable levels of accuracy using historic weather data as model input (Beven, 2001) . For example, plans to restore the Florida everglades were based on extensive modeling of historical hydrology (Zedler, 2000; DeAngelis et al., 1998) . We have tested site-calibrated models of wetland hydrology against in situ measurements and found that they were effective in predicting daily water levels (He et al., 2002; Caldwell et al., 2007) .
Here we describe the use of hydrologic models to quantify the long-term hydrology of wetland plant communities, and we provide recommendations for the restoration of these communities. We calibrated hydrologic computer models for sites supporting four wetland plant communities and simulated the long-term hydrology of each plant community using a 40-year historical weather record. Our objectives were: (1) to quantify the long-term hydrologic conditions of four common plant communities in reference wetlands of the Atlantic Coastal Plain of North America, and (2) to link the critical characteristics of hydrology and soils that are needed for wetland restoration site design and selection of plant species.
METHODS

SITE DESCRIPTIONS
Our study sites included Charlie Long Millpond Bay (204Ăha), Tatum Millpond Bay (808 ha), and Causeway Bay al rainfall of 123 cm (USDA, 2002b) . Soils types in the study sites typically transition from mostly mineral composition nearest the bay perimeter to mostly organic composition in the center. Torhunta (coarse-loamy, siliceous, active, acid, thermic, Typic Humaquepts), Lynn Haven (sandy, siliceous, thermic, Typic Alaquods), and Leon (sandy, siliceous, thermic, Aeric Alaquods) soil series are found along the perimeter (Leab, 1990) . Meanwhile, Pamlico (sandy or sandyskeletal, siliceous, dysic, thermic, Terric Haplosaprists) and Croatan (loamy, siliceous, dysic, thermic, Terric Haplosaprists) soil series can be found near the centers of the bays (Leab, 1990) . Soil textures of the mineral horizons include sandy loam, loamy sand, and sand.
Both Tatum Millpond Bay and Charlie Long Millpond Bay have been managed by the North Carolina Division of Forest Resources since 1938 and have not been extensively burned in the last 65 to 70 years (Ewing, 2003) . Tatum Millpond Bay was selectively logged for Atlantic white cedar between 1938 and 1954 (Dimick et al., 2010) . Charlie Long Millpond Bay reportedly has never been logged, although it was used to practice fireline construction in the 1970s (Ewing, 2003) . Causeway Bay is privately owned and also has not been burned in the last 65 to 70 years. Past management practices in Causeway Bay are unclear, but it is known that the last timber harvest occurred on the northeast end in the 1960s (Ewing, 2003) . Since the sites had not been significantly altered with artificial drainage, and vegetative communities had not been disturbed in at least 65 years, we considered them to closely represent reference conditions for these plant communities.
PLANT COMMUNITY ASSESSMENT
Assessment of plant community distribution at our study sites was detailed by Dimick et al. (2010) . Access trails (straight line transects) were established roughly along the minor axes of the bays and extended from the perimeter to the center for a distance of 300 to 460 m ( fig. 2 ). Along each transect, 15 to 20 plots (5 m × 5 m) were established approximately every 30 m for soil and vegetation classification. In each of the bays, PPW was generally found nearest the edge, while HP was near the center. Tatum Millpond Bay also supported NRSF and BF communities.
HYDROLOGIC MODEL DEVELOPMENT
Water level recording wells (WL-40 Series, Remote Data Systems, Inc., Navassa, N.C.) were installed to a depth of 1Ăm in each of 15 of the vegetation plots (four to seven plots at each site). In all, wells were installed in six, three, four, and two plots in the PPW, NRSF, HP, and BF communities, respectively ( fig. 2 ). Hourly water table depths were recorded and summarized on a daily basis over a two-year period from April 2003 to May 2005 for model calibration. One tippingbucket rain gauge (Rain Collector II, Davis Instruments, Hayward, Cal.) was installed near the perimeter of each of the three sites to estimate hourly rainfall for all plots in a given site. Estimates of daily Penman-Monteith potential evapotranspiration were calculated using air temperature, relative humidity, wind speed, solar radiation, and barometric pressure measured at the North Carolina Division of Forest Resources' Turnbull Creek weather station in Bladen Lakes State Forest, located 5 to 15 km from the three study sites. Soil saturated hydraulic conductivity was measured in situ using the piezometer method (Luthin and Kirkham, 1949) , and soil water characteristic data were generated from intact cores collected from each plot using a pressure cell apparatus (Klute, 1986) . These data were used as input for DRAIN-MOD hydrologic models for each well location (Skaggs, 1978) . DRAINMOD has been used extensively for optimizing drainage systems for agricultural land uses, but it has also been used to simulate the hydrology of natural, undrained wetlands such as Carolina bays (He et al., 2002; Chescheir et al., 1994 Chescheir et al., , 2008 .
DRAINMOD is a hydrologic modeling package originally developed to simulate agricultural drainage systems in poorly drained soils, such as those of the Coastal Plain of North Carolina. The model assumes a network of parallel drainage ditches or drain tiles at a given depth and spacing above a restrictive layer ( fig. 3 ). No such drainage system existed at the natural Carolina bays in this study. The drain spacing (L), drain depth (b), and surface storage (s) were treated as calibration parameters without specific physical definition. Adjusting these parameters changes the nature of the relationship between the drainage rate and the water table depth, approximating the relationship that naturally existed at the wetland sites. A confined artesian aquifer provided a source of groundwater inflow for some plots. In those cases, the conductivity of the confining clay layer was an additional variable adjusted for model calibration. The pressure head measured in the confined aquifer was simulated with an empirical model based on rainfall and evapotranspiration. A complete description of the model calibration may be found in Caldwell et al. (2007) and is summarized here. The 15 models (one model for each plot) were calibrated by adjusting b, L, and s ( fig. 3 ) such that the average absolute difference between simulated and measured water table depths over the two-year calibration period was minimized. The models were calibrated by first assuming a drain depth and surface storage depth. The drain spacing was iterated until the average absolute deviation between predicted and observed water table depth was minimized. This process was repeated for the other drainage system parameters, iterating the drain depth next and the surface storage depth last. For sites where groundwater inflow from the semi-confined aquifer was significant, the vertical saturated hydraulic conductivity of the restrictive layer was iterated in conjunction with each of these variables. After model calibration, historical weather data collected in Fayetteville, North Carolina, from 1964 to 2004 (40 years) were used as input for the models to simulate the long-term hydrology for each plot. Fayetteville is located approximately 50 km from the study sites.
In addition to calibration, hydrologic models are sometimes validated using observed measurements that do not overlap with the data used for model calibration. In this study, we were limited to two years of observed data; thus, we elected to use the entire dataset for model calibration so that a broader range of weather variability would be covered in the calibration process. This approach has been used successfully to calibrate DRAINMOD models at similar wetland sites (He et al., 2002) . Validation of the DRAINMOD model in general has been discussed extensively in the literature (e.g., Skaggs et al., 1981; Skaggs, 1982; Workman and Skaggs, 1989; Broadhead and Skaggs, 1989) .
DATA ANALYSIS
All statistical analyses were performed using JMP 8.0 (SAS, 2008) . For each location, the long-term water level cumulative frequency distribution and other statistics describing hydrologic characteristics of the plant communities were computed based on daily water table depths predicted by the hydrologic models over the 40-year simulation. Mean hydrologic characteristics from all locations supporting a given plant community were computed to represent that community. Differences between mean hydrologic characteristics of each plant community were assessed in ANOVA using the Tukey-Kramer honest significant difference (HSD) evaluated at a = 0.05. 
RESULTS AND DISCUSSION
MODEL CALIBRATION
Average absolute deviations between predicted and observed water table depths for the 15 DRAINMOD models of well locations in the study sites were quite low, averaging approximately 4 cm (table 2). These low deviations were partly due to the very shallow water table depths observed over the calibration period, which served to minimize deviations between simulated and measured data (Caldwell et al., 2007) . The shallow drain depth (e.g., 10 cm) and/or wide drain spacing (e.g., 999,999 cm) of the calibrated DRAIN-MOD parameters reflect the low natural subsurface drainage rates of these sites. Surface storage parameters obtained through calibration were relatively high, a result of the high variability of soil surface elevation. Overall, the simulated water table depths correlated very well with those measured at the study sites, providing us with good confidence in the ability of the models to predict water table depths at these sites.
WATER BALANCE
Evapotranspiration (ET) was the largest water loss component (table 3) . On average, annual ET amounted to 64% of the annual total precipitation. Average annual surface runoff was similar between PPW and NRSF, slightly higher for BF, and greater still for HP. This is likely due to the relative elevations of the different plant communities. HP and BF occur on deep organic soils, which potentially accumulate organic materials such that the soil surface is elevated relative to surrounding areas (Daniels et al., 1999) . As a result, higher surface runoff will occur in these communities. Although surface runoff was similar between PPW and NRSF, the relatively low runoff in these communities occurred for different reasons. The water level rarely rose above the soil surface in PPW, so the majority of the rainfall was able to infiltrate the soil rather than running off. The water level was generally above the soil surface in NRSF, but the greater surface storage of NRSF (15 cm mean across three NRSF plots) versus PPW (1.8 cm mean across six PPW plots) allowed excess rainfall to be stored on the surface instead of running off (Caldwell et al., 2007) .
The PPW plant community received approximately 15% of its average annual water input from groundwater inflow, while the other communities did not receive groundwater inflow. Groundwater outflow in PPW exceeded inflow on an annual basis, but during dry periods groundwater inflow exceeded outflow, helping to keep water levels generally within 30 cm of the surface at some sites even during years of low rainfall ( fig. 4) . Net drainage (groundwater outflow minus groundwater inflow) for PPW was similar to the groundwater outflow of NRSF. HP and BF had lower annual drainage amounts because of the additional water lost as surface runoff in these communities. Runoff from pocosins occurs as sheet flow over broad stretches rather than streams or ditches (Ash et al., 1983) . As a result, the surface runoff component of the water balance may have actually been lost from the system below the soil surface. Sheet flow occurs just below the litter layer, following small but relatively discrete channels. Analysis of the plant nutrients in the soils of these sites showed that the litter layers (Oi horizon) contain most of the plantavailable P, K, Ca, and Mg, as well as total N in the soils (Ewing et al., 2011) . Water moving through this litter layer would leach some of these nutrients laterally into adjacent soils. The surface runoff from the HP community may have contributed to the groundwater inflow component of adjacent PPW plant communities. These results suggest that the notion proposed by Schafale and Weakley (1990) and Otte (1982) that PPW may feature larger trees than other communities due to an influx of plant-available nutrients in groundwater is plausible. There was no evidence of an influx of groundwater in the NRSF we studied, so this hypothesis cannot account for the large trees in this community.
FREQUENCY DISTRIBUTION OF WATER TABLE DEPTH
Modeling results indicated that the water level was above the land surface (>0 cm) 0% to 67% of the time over 40-year model simulation period across sites supporting PPW (mean 24% of the time, n = 6 sites), while it was above the surface 79% to 86% (mean 83%, n = 3 sites), 14% to 85% (mean 62%, n = 4 sites), and 78% to 83% (mean 80%, n = 2 sites) of the time across sites supporting NRSF, HP, and BF, respectively ( fig. 5 ). When water was above the land surface, it reached a maximum depth of 14 to 16 cm (mean 15 cm), 1 to 16 cm (mean 8 cm), and 12 to 14 cm (mean 13 cm) above the surface across sites supporting NRSF, HP, and BF, respectively, and less than 4 cm (mean 1 cm) across sites supporting PPW ( fig.  5, table 4) . Using the Tukey-Kramer HSD evaluated at a = 0.05, the maximum water depth above the land surface for PPW was found to be significantly different from NRSF and BF, while HP was not significantly different from the other communities. Water levels above the land surface do not indicate that the entire area is completely flooded. At our study sites, the hummocky land surface varied in elevation by 15Ăcm or more on a local scale due to the microtopography of natural hummocks and swales. These surface undulations appeared to be similar among the plant communities. Typi- cally, the local high elevations were occupied by trees and were above the levels of ponded water. The water levels we present here are measured relative to the land surface in the local low elevations. The deepest water level predicted across sites supporting PPW was 71 to 155 cm (mean 103 cm) below the land surface, significantly different from sites supporting NRSF, HP, and BF. which had deepest water table depths of 47 to 62 cm (mean 55 cm), 33 to 58 cm (mean 47Ăcm), and 46 to 55 (mean 50 cm) below the land surface, respectively. The median water level across sites supporting PPW ranged from 20 cm below to 2 cm above the surface (mean 8 cm below the surface), which was significantly different from sites supporting NRSF, with a median water level of 7 to 10 cm above the surface (mean 9 cm above the surface). Median water levels of 9 cm below to 10 cm above the surface (mean 2 cm above the surface) and 6 cm to 9 cm above the surface (mean 8 cm above the surface) across sites supporting HP and BF, respectively, were not significantly different from either PPW or NRSF.
HYDROPERIOD
We evaluated hydroperiod both as the total number of days of inundation per water year, a period that may or may not be continuously inundated, and as the number of consecutive days of inundation per water year (table 4). The water year was defined as a period that begins in October and ends in September of the following year, allowing continuous periods of inundation to be included in a single year, rather than [a] Values in the same column followed by the same letter are not a significantly different using the Tukey-Kramer HSD test at α = 0.05. split between two consecutive years. Using the TukeyKramer HSD evaluated at a = 0.05, the median total hydroperiod for PPW (91 d year -1 ) was significantly different from the median total hydroperiod of NRSF (317 d year -1 ). The median total hydroperiod for HP (243 d year -1 ) and BF (307Ăd year -1 ) was not significantly different from either PPW or NRSF. Similarly, the total hydroperiod during wet years (i.e.,Ă90th percentile) for PPW (117 d year -1 ) was significantly different from that of NRSF (361 d 
DESIGN CRITERIA FOR RESTORATION OF WETLAND PLANT COMMUNITIES
To illustrate how hydrologic modeling can be used to characterize the requirements of the wetland plant communities we studied, we propose in table 5 recommendations for establishment of these plant communities at a restoration site. Recognizing that soil organic layer thickness has been shown to be a contributing factor in the position of plant communities on the landscape (Sharitz and Gibbons, 1982; Dimick et al., 2010) , we included organic layer thickness as a factor in defining these relationships. To use the recommendations for a wetland restoration, an initial site reconnaissance visit would be conducted to record the thickness of organic soil layers, install one rain gauge at a representative location on the restoration site, and install water level recording wells in at least three locations for each range of organic soil layer thickness (table 5) found on the site. Hourly rainfall and daily water table elevations would be recorded over a period of at least one year for the calibration of hydrologic models. Once the models were calibrated, they would be used to simulate the long-term hydrology at various locations after the restoration. The models could be used to determine how to prepare the site to achieve the required hydroperiod for a particular plant community or to select the most appropriate plant community that fits the expected hydrologic conditions. For portions of a wetland restoration site where the organic soil layer is less than 40 cm thick and the median hydroperiod estimated by hydrologic simulation is approximately 90 days per water year, PPW would be a good candidate for restoration, and tree species typical of that community should be planted there. For portions of restoration sites with organic soil layers between approximately 40 and 80 cm thick and a median hydroperiod of approximately 310 days per water year, NRSF would be a good choice for restoration. For sites with hydroperiods of approximately 310 days per water year and organic layer thickness greater than 80 cm, BF would be recommended.
The proposed wetland design criteria reflect the results of this study alone and should be field tested before use in largescale restoration projects. These specific recommendations should be applicable to the soil and climate conditions of the [a] Based on the mean median hydroperiod for each plant community and rounded to the nearest five days. Since differences between NRSF and BF were not significant, data for those communities were pooled to calculate the median hydroperiod for those communities.
southeastern U.S. Coastal Plain but may not apply to other regions. The effects of past agricultural and silvicultural use at a wetland restoration site also need to be considered when selecting an appropriate plant community. For example, the artificial drainage commonly used to convert wetland to agricultural use lowers water levels and may cause organic soils to subside. Ewing and Vepraskas (2006) estimated that in one artificially drained Carolina bay, the organic soil layers subsided approximately 1.2 m over 15 to 30 years. These changes need to be taken into account when using table 5. In developing these recommendations, we considered the thickness of organic soil layers and the median hydroperiod (total days inundated per year). There are several combinations of organic soil layer thicknesses and hydroperiod that are not addressed in these recommendations. Other factors, such as soil plant-available phosphorus, fire frequency and intensity, and forest stand age, also likely play a role in plant community establishment and are not addressed by this study. These gaps in our recommendations represent opportunities for further research in wetland ecosystem restoration. Studies at other sites, using the methodology presented here, could serve to fill these gaps in the environmental factors that affect the establishment of these and other plant communities.
SUMMARY AND CONCLUSIONS
When considering the hydrologic characteristics of the plant communities collectively, we concluded that the hydrologic regime of PPW was significantly different from that of NRSF. Hydrology in BF was generally not significantly different from PPW, NRSF, and HP, likely due to the small sample size for BF in this study (n = 2). A larger BF sample size would likely reveal significant differences between BF and PPW. Locations supporting HP tended to have a hydrologic regime similar to that of adjacent community types. Based on this observation, and the fact that the HP canopies typically have a low density of short trees (table 1), we theorize that this community is a result of past disturbance (fire, storm damage, logging, etc.). Prior to the disturbance, HP likely resembled adjacent communities. Others have found that PPW could be incorrectly identified as HP in areas damaged by fire (Schafale and Weakley, 1990) . Because it is a plant community in transition from a disturbed state, we do not consider HP to be a suitable target for wetland restoration.
Our results provide evidence that hydrologic computer models, when calibrated for site-specific soil and landscape conditions, can be used to effectively quantify and discern differences in the long-term hydrologic regime of wetland plant communities. The hydrologic regime of the PPW plant community differed significantly from that of the NRSF, HP, and BF communities. Using these and other environmental data, we demonstrated that recommendations for the restoration of plant communities at a site could be established. While our study investigated a small number of communities in a specific geographical area, this methodology can be further refined and used to quantify the hydrology of other wetland communities, helping others restore the function of these valuable ecosystems.
